How rootstocks contribute to the control of scion transpiration under drought is poorly understood. We investigated the role of root characteristics, hydraulic conductance and chemical signals (abscisic acid, ABA) in the response of stomatal conductance (g s ) and transpiration (E) to drought in Cabernet Sauvignon (Vitis vinifera) grafted onto drought-sensitive (Vitis riparia) and droughttolerant (Vitis berlandieri × Vitis rupestris 110R) rootstocks. All combinations showed a concomitant reduction in g s and E, and an increase in xylem sap ABA concentration during the drought cycle. Cabernet Sauvignon grafted onto 110R exhibited higher g s and E under well-watered and moderate water deficit, but all combinations converged as water deficit increased. These results were integrated into three permutations of a whole-plant transpiration model that couples both chemical (i.e., ABA) and hydraulic signals in the modelling of stomatal control. Model comparisons revealed that both hydraulic and chemical signals were important for rootstock-specific stomatal regulation. Moreover, model parameter comparison and sensitivity analysis highlighted two major parameters differentiating the rootstocks: (i) ABA biosynthetic activity and (ii) the hydraulic conductance between the rhizosphere and soil-root interface determined by root system architecture. These differences in root architecture, specifically a higher root length area in 110R, likely explain its higher E and g s observed at low and moderate water deficit.
Introduction
Projected climatic change forecasts longer dry periods during summers in maritime, Mediterranean and temperate areas of Europe, increasing the risk of drought (Schultz 2000 , Bates et al. 2008 ) and decreasing plant growth and productivity. The breeding or engineering of crop species with increased wateruse efficiency is a promising strategy to maintain sustainability as the demand for fresh-water resources increases (Condon et al. 2004) . Improving root water uptake and reducing water loss by leaves are the two main strategies to maintain a more favourable plant water status (Draye et al. 2010 ). An integrated and , Christmann et al. 2007 , Thompson et al. 2007 , Parent et al. 2009 , Wilkinson and Hartung 2009 . Among chemical signals, abscisic acid (ABA) is widely recognized as a major player in the regulation of stomatal conductance (g s ) in water-stressed plants (Dodd et al. 1996 , Sauter et al. 2001 , 2005 , and xylem sap ABA concentration [ABA] and g s are often negatively correlated (Davies et al. 1994 , Dodd 2005 , Speirs et al. 2013 . However, there is contrasting evidence about the direct contribution of root-derived ABA to stomatal control (Tardieu et al. 2015) . Recent studies on tomato (Solanum lycopersicum Mill.) and Pinus radiata reported that root ABA accumulation was dependent on a supply of foliage-derived ABA and precursors, and that ABA biosynthesis in roots did not contribute to stomatal regulation (Manzi et al. 2015 , McAdam et al. 2016a , Mitchell et al. 2017 ). In addition, hydraulic signalling likely plays an important role in stomatal control at the individual organ and whole-plant level (Christmann et al. 2007 , Pantin et al. 2013 , Coupel-Ledru et al. 2014 .
Grafting is widely used to impart disease resistance and improve productivity under abiotic stresses (Warschefsky et al. 2016) . Experimentally, grafting provides an elegant system to study the respective contributions of roots and shoots in drought signalling (Tardieu et al. 2015 , Liu et al. 2016 , McAdam et al. 2016a . Rootstocks contribute to the plant's capacity to cope with drought (Ollat et al. 2015) and they show a large genetic diversity in affecting the stomatal behaviour of scions under water deficit (Gambetta et al. 2012 , Marguerit et al. 2012 , Tramontini et al. 2013 , Barrios-Masias et al. 2015 , Corso et al. 2015 , Lavoie-Lamoureux et al. 2017 . However, the mechanisms underlying the contribution of rootstocks to grapevine drought response, and how chemical and hydraulic signals interact, are still largely unknown (CoupelLedru et al. 2014 , Tramontini et al. 2014 , Martorell et al. 2015 , Lovisolo et al. 2016 .
Mathematic models that represent biological processes with genetic parameters (i.e., model parameters whose values are genotype-dependent but environment-independent) have been shown to be powerful in dissecting complex processes into traits that are more physiological relevant and stable across changing environments (Tardieu 2003 , Bertin et al. 2010 . With explicit equations genotypes/species can be characterized by a set of genetic parameters, providing a method to compare genotypes and species , Parent and Tardieu 2012 . Several process-based models of stomatal conductance that integrate either hydraulic and/or chemical controls have been developed to better describe plant performance under drought (reviewed by Damour et al. 2010 , Buckley and Mott 2013 , Buckley 2017 . Recent modelling efforts have focused on the integration of soil, root and/or whole-plant hydraulic conductance to model plant transpiration and stomatal regulation (Tardieu and Davies 1993 , Diaz-Espejo et al. 2012 , Buckley and Mott 2013 , Baert et al. 2015 , Rodriguez-Dominguez et al. 2016 , Sperry et al. 2016 , Deans et al. 2017 . Among these models the Tardieu-Davies model couples both chemical (i.e., ABA) and hydraulic signals in the modelling of stomatal control Davies 1993, Tardieu et al. 2015) . Although the model has been challenged by several recent studies (McAdam et al. 2016b , Rodriguez-Dominguez et al. 2016 , it has been successfully used to test hypotheses about the relative contributions of chemical and hydraulic signals in water deficit responses (Tardieu and Davies 1993 , Tardieu and Simonneau 1998 , Huber et al. 2014 , Deans et al. 2017 . Therefore, this model provides a valuable tool to test hypotheses involving multiple mechanisms that otherwise cannot be separated because of the complex feedbacks between the processes involved (Tardieu and Parent 2017) .
The present work utilized a model-assisted approach in assembling information about the mechanisms regulating scion gas exchange in response to water deficit through the comparison of drought-sensitive and -resistant rootstocks. Structural and functional variables were evaluated (i.e., root system characteristics, water potential, leaf gas exchange, [ABA], among others) on water-stressed potted grafted grapevines, and were integrated into a model of transpiration and stomatal regulation Davies 1993, Tardieu and Simonneau 1998 
Materials and methods

Plant material and growth conditions
Single scions of Vitis vinifera L. cv. Cabernet Sauvignon (CS, clone 15) were either homografted (CS onto CS, moderately drought-tolerant), or grafted onto Vitis riparia cv. Gloire de Montpellier (RG, clone 1030, drought-sensitive) or Vitis berlandieri × V. rupestris cv. 110 Richter (110R, clone 756, droughttolerant) (Carbonneau 1985) . In the present work, CS served as a control rootstock although it is not typically used in commercial productions. One-year old plants were grown in 7 l pots in a semi-controlled greenhouse environment equipped with 150 balances (CH15R11 CHAMPII, Obaus GmbH, Nänikon, Switzerland) with automatic recording of pot weight (Sadok et al. 2007 ). The pots were filled with 1 kg of gravel for drainage and 5 kg of dry soil (sandy soil collected from a commercial vineyard). The plants were trained to two shoots and all lateral shoots were removed throughout the experiment.
Photosynthetic photon flux density (PPFD) close to the canopy level was measured with two Quantum Sensors (LI-190, LI-COR, Lincoln, NE, USA). The dry and wet bulb temperatures were measured with two psychrometers and were used for the calculation of greenhouse relative humidity and vapour pressure
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Experimental setups
The data were acquired over the course of a drought cycle experiment. Before budburst, the pots were wrapped with thick polyethylene bags to prevent any water loss by evaporation from the soil. Each pot was watered, and after a 12 h draining period, weighed on a balance with a resolution of 1 g to calculate soil saturated water content (θ s ).
From budburst to the emergence of the 15th leaf all plants were well irrigated and fertilized. Then 10 plants of each scion/ rootstock pair were selected for homogeneity of shoot development and were irrigated daily to 100% of θ s (average soil water content, SWC = 0.32 ± 0.04 kg H 2 O kg -1 soil) for 1 week before the drying cycle. The irrigation was then stopped for 6 days (SWC decreased on average to a minimum of 0.097 ± 0.004 kg H 2 O kg -1 soil). During the drying cycle the physiological and chemical measurements described below were conducted daily on each plant.
Determination of leaf plastochron index and leaf area
To quantify the physiological age, the leaf plastochron index (LPI) was derived from the maximal leaf length of sequentially measured leaves along the stem (Schultz and Matthews 1988) and was used to select leaves with the same LPI (10 ± 2) to make comparisons of gas exchange at the same developmental stage.
Leaf area was estimated non-destructively as described by Montero et al. (2000) , by measuring the maximal leaf length and maximal leaf width of every leaf of each plant with a ruler (cm). The area of each leaf removed for the water potential measurements was taken into account for the calculation of the total daily leaf area (see Figure S2 available as Supplementary Data at Tree Physiology Online).
Root system characteristics
In order to determine the root characteristics, i.e., root length density (RLD), root length area (RLA) and mean root diameter, the entire root systems of five additional plants of each scionrootstock pair were analysed just before the start of the drying cycle. The roots were removed cautiously from the soil volume (5000 cm 3 ), washed using a low pressure water flow, and collected in several sieves with an extra sieve of 0.2 mm placed at the outflow to make sure that no fine root material was lost. After cleaning, roots were stored in 15% ethanol (v/v) at 4°C for later analyses (Böhm 1979) . In order to avoid overlapping during scanning procedure, all roots were cut into 1-2 cm long segments and the entire root system was scanned by successive sub-sample analysis. The sub-sample root segments were spread onto a transparent tray in a thin layer of water. High resolution images (400 dpi) were acquired using a flatbed A3 scanner (Epson expression 10,000XL Pro, Seiko Epson Corporation, Nagano, Japan) and analysed with WinRhizo software (Regent Instrument Inc., Quebec, Canada) (Bouma et al. 2000) . The measurements involved total root length, average root diameter, length and area, as a function of different root diameter classes. Root length density was calculated as the ratio between root length (cm) and soil volume (cm 3 ), and RLA was calculated as the ratio between root length (cm) and root surface area (cm 2 ). The half of the mean distance between neighbouring roots was determined according to Tardieu et al. (1992) :
Leaf gas exchange measurements
On each scion-rootstock pair (n = 10), leaf gas exchange was measured daily between 10.00 a.m. and 1.00 p.m. during the drought cycle with a portable open-system infra-red gas exchange apparatus (GFS-3000, Heinz Walz GmbH, Effeltrich, Germany). For each biological replicate, one leaf at the same developmental stage (LPI 10 ± 2) was measured under PPFD of 2000 μmol m −2 s −1 at the adaxial leaf surface, CO 2 concentration at 380 μmol mol −1 , relative humidity at 60% and air temperature at 25°C. Each leaf was allowed to adapt to the cuvette conditions for 2 min and data were recorded when stable values were observed by the real-time monitoring panel. Gas exchange parameters, i.e., net CO 2 assimilation (A), stomatal conductance (g s ), intercellular CO 2 concentration (C i ) and transpiration rate (E), were determined. Additionally, light response curves were established for each genotype combination grown under well-watered conditions (n = 3) using leaves with the similar physiological age (LPI 10 ± 2). The cuvette microclimate was set as described above. The PPFD on the adaxial leaf surface was initially set to high light (>1500 μmol m −2 s
−1
). Then, PPFD was decreased as follows: 1250, 1000, 750, 500, 350, 250, 200, 150, 100, 60, 40, 20 and 0 μmol m −2 s −1
. Before recording the gas exchange values at each PPFD, the leaf was allowed to adapt to the prevailing light condition for 10 min.
Plant water relations measurements
Water potentials were determined with a pressure chamber (SAM Précis 2000, Gradignan, France) equipped with an electronic pressure gauge with an accuracy of 0.001 MPa (Turner 1988 ). On each scion-rootstock pair (n = 10), predawn leaf water potential (Ψ PD ) measurements were conducted between 3:00 and 5:00 a.m. every day during the drying cycle. Ψ PD was assumed to reflect of soil water potential (Ψ soil ) in the rooting zone. Leaf water potential (Ψ leaf ) was measured daily between 10:00 a.m. and 2:00 p.m. immediately following leaf gas exchange measurements. Prior to excision with a razor blade, each leaf was wrapped in a plastic bag to avoid post-excision water loss (Turner and Long 1980) . Plant-specific hydraulic conductance (K plant ) was calculated as the ratio of E to differences in water potential across the soil to leaf pathway according to Clearwater et al. (2004) :
Xylem sap collection and ABA analysis
After recording Ψ leaf , an overpressure of 0.4 MPa was applied to the same leaf and the emerging xylem sap was collected in a microcentrifuge tube. Each sap sample (20-30 μl) was transferred into a second tube before being snap frozen in liquid nitrogen. The pH of the remaining sap was measured using a micro-electrode (A 157 1 M-BNC-ID, SCHOTT Instrument, SI Analytics GmbH, Mainz, Germany). Samples were stored at −80°C, and then freeze-dried prior to analysis. The abundance of ABA and ABA-related metabolites (i.e., ABA-glucose ester (ABA-GE), phaseic acid (PA) and dihydrophaseic acid (DPA)) in xylem sap were analysed by liquid chromatography/mass spectrometry (Agilent 6410 Triple Quadrupole LC-MS/MS with Agilent 1200 series HPLC, Agilent Technologies Inc., Santa Clara, CA, USA) using a stable isotope dilution assay as described in Speirs et al. (2013) .
Model description and implementation
The Tardieu-Davies model Davies 1993, Tardieu and Simonneau 1998) can be used to dissect the complex stomatal control processes into sub-processes characterizing traits related to roots, hydraulics and chemical signals. This model integrates environmental variables (i.e., Ψ soil , PPFD and VPD) sensed by the plant and provided as inputs, and is able to simulate five physiological variables that are related to plant water relations: g s , Ψ leaf , root water potential (Ψ root ), water flux through the plant (Jw) and xylem sap ABA concentration ([ABA]). The five physiological variables were obtained by numerically solving a set of five equations (Tardieu 2003) . The details of equations and variables used in the simulations are described in Table S1 available as Supplementary Data at Tree Physiology Online. We recoded the model by using the software R (R Development Core Team 2010) and all the subsequent data analyses were executed using the same software. A new method was utilized to numerically solve the set of five equations by transforming the objective into a nonlinear least-squares minimization problem. This method calculated the [ABA], Ψ leaf , Ψ root and g s in an iterative process by minimizing the differences among the plant water fluxes (J w ) calculated via Eqs S1, S2 and S5 (see Table S1 available as Supplementary Data at Tree Physiology Online) (Zelinka 2004) . It used the self-organizing migrating algorithm and can be applied to any minimization problem with bounded parameter space. It was chosen because of its capability of being robust to local minima during the minimization process (Zelinka 2004 ).
Model comparison for assessing three modes of stomatal regulation
Rootstocks may differentially affect the stomatal responses of a scion to water deficit via different processes: (i) rootstocks may affect ABA synthesis capacity in response to a given level of water deficit, which results in different xylem sap [ABA] in the plant; (ii) the root characteristics and/or the grafting union alter the soil-root-shoot conductance and consequently provide different hydraulic signals to the scion; or (iii) a combination of i and ii. These three modes of stomatal control by rootstock under water deficit can be represented by different permutations and are named thereafter 'pure chemical', 'pure hydraulic' and 'coupled hydraulic and chemical signals' (Tardieu 1993 , Huber et al. 2014 . The 'coupled' control mode was represented with the following equation (Tardieu 1993) :
s s m i n ABA e leaf where g smin is the minimum g s ; α + g smin is the maximal g s ; β reflects the sensitivity of stomata to [ABA] and δ reflects the sensitivity of stomata to leaf water potential (Ψ leaf ). The control mode of 'pure chemical' is simulated by setting δ = 0, namely
s s m i n ABA
The control mode of 'pure hydraulic' is simulated as
s smin 2 leaf inf where δ 2 reflects the sensitivity of stomata to Ψ leaf ; Ψ inf is the threshold Ψ leaf for effectively influencing stomata. The three control modes of stomata (i.e., Eqs. (3), (4) and (5)) were implemented into to the model to investigate which regulation mode provides the best fit to the experimental data and whether there is any preference of mode regulation for each rootstock. These questions can be translated into a procedure of model comparison, which assesses the model goodness-of-fit with several indicators suitable for nonlinear models, including relative root-mean-square error (RRME), the Akaike information criterion (AIC) and the Bayesian information criterion (BIC). The mode of regulation that most precisely represents the observed response pattern of a given rootstock is the one that has the lowest value of these indicators (Burnham and Anderson 2002) . Since the three model permutations may give similar information criteria values, the differences between information criteria values (denoted as ΔAIC or ΔBIC) were calculated by subtracting the lowest AIC and BIC values from that of each model to
Tree Physiology Online at http://www.treephys.oxfordjournals.org facilitate model selection. As a widely used guideline, a model with ΔAIC or ΔBIC <2 from the best model has substantial empirical support and should be considered as strong candidate model, while those models with ΔAIC or ΔBIC >4 can be discarded during model selection (Burnham and Anderson 2002) . In addition, Akaike weights, calculated based on ΔAIC or ΔBIC, provide a measure of the probability that the given model is the best suited model among those tested (Burnham and Anderson 2002) . Here the weights for BIC values were calculated (denoted as W BIC ) using the formula given by Burnham and Anderson (2002) .
Parameterization and comparing model parameters between rootstocks
Model parameters were obtained either from the literature, direct experimental measurements, estimations based on experimental measurements or by model calibration. Parameters involved in the Penman-Monteith equation (see Table S1 , Eq. S1 available as Supplementary Data at Tree Physiology Online) were obtained from the literature (Jones 1992) Table S1 , Eq. S9, Figure S6 available as Supplementary Data at Tree Physiology Online) response curves were estimated with the nonlinear-leastsquare function in R based on measured g s , [ABA] , Ψ leaf and the light response curves for each grafting pair (see Figures S3-S5 available as Supplementary Data at Tree Physiology Online). The remaining parameters were obtained by calibrating the model with the observed transpiration data. The genotype-dependent parameter values were determined and differences between genotypes were evaluated using the extra sum-of-square F-test of Fisher at the 5% level of significance (Motulsky and Christopoulos 2003) .
Sensitivity analysis
A local sensitivity analysis was used to study the role of input variables and parameters in the model using normalized sensitivity coefficients. The sensitivity coefficients, defined as the ratio between the relative variation of the predicted variable and the relative variation of the parameter, were calculated by shifting one parameter by ±20% while keeping the remaining parameters at their default values (Monod et al. 2006) .
Statistical analysis of experimental data
All statistical analyses on experimental results were also performed using R programming language (R Development Core Team 2010). The assumptions of normality and equal variance have been first checked for all measured variables, and no violation has been observed. Then two-way analyses of variance (ANOVA) were performed to access the effects of treatment and rootstock genotypes on observed variables followed by Tukey's multiple comparison to detect significant differences among genotypes or treatments at a 5% level of significance.
Results
Rootstock affects the responses of plant water status, gas exchange, ABA and related compounds to gradually increasing water deficit
The progress of water deficit during the drought experiment was monitored through measurements of SWC and Ψ PD . Soil water content (SWC) did not differ among the three rootstocks until Day 4, thereafter Cabernet Sauvignon (CS) had higher SWC than V. riparia (RG) and 110R (Figure 1a) . On average, Ψ PD decreased to −0.97 MPa for RG and to −1.04 MPa for CS and 110R at the end of the drying cycle, i.e., after 6 days of treatment. The Ψ leaf decreased to −1.4 MPa at the end of the experiment, with RG exhibiting the least negative Ψ leaf at Day 6. Significant differences in Ψ leaf among rootstocks were found at Days 2, 3 and 6 (Figure 1c) .
During the first 3 days of the drying cycle, E and g s were higher for the plants grafted onto 110R, followed by those grafted onto CS and RG (Figure 1d and e) . On Day 4, corresponding to Ψ PD~− 0.5 and Ψ leaf~− 0.97 MPa, E and g s decreased for all scion-rootstock combinations and no differences were found among the three combinations. On average, K plant was reduced by fivefold during the soil drying cycle. 110R presented the highest K plant during the first 3 days of the drying cycle, while no differences were found from Day 4 onwards (Figure 1f) .
The xylem sap concentration of ABA and its catabolites were monitored during the drying cycle. The concentration of ABA remained relatively low until Day 4 when [ABA] increased in all rootstocks. The concentration of ABA was significantly higher for RG at Days 2, 3 and 4 (Figure 2a) . Similarly, [DPA] increased after Day 3, but mainly for CS, which displayed a significantly higher concentration throughout the experiment (Figure 2c) . [PA] did not change with time, but differences between rootstocks were highly significant, with RG, CS and 110R characterized by the highest, intermediate and the lowest concentrations, respectively (Figure 2b ). [ABA-GE] were much lower than the other ABA metabolites and decreased slightly at the beginning of the experiment (Figure 2d ). Xylem sap pH remained steady or decreased slightly with no significant differences between rootstocks (Figure 2e ).
Rootstocks show different root characteristics
Root system characteristics of each rootstock are presented in Figure 3 . 110R was characterized by a significantly higher RLA and RLD (Figure 3a and b) and a significantly lower root radius and mean distance between neighbouring roots (Figure 3c and d) . RG was intermediate between the two other rootstocks for RLD and mean distance between neighbouring roots (Figure 3b and d) .
Model comparison reveals rootstock-dependent differences of stomatal regulation modes
The observed responses of E, g s , Ψ leaf and [ABA] were compared with model outputs under three principle modes of stomatal regulation (details see Materials and methods) in order to test which regulation mode best fits the experimental data and whether there is any predominant regulatory mechanism for each rootstock (Figure 4 , Table 1 ). The models provided satisfactory fits to the observed results for E, g s and Ψ leaf (Figure 4a-c) with relative root-mean-square errors (RRMSEs) ranging from 5.1% to 19.3% Figure 2 . The dynamic profiles of xylem sap abscisic acid concentration (ABA) and its catabolites as well as xylem sap pH values of the three rootstock-scion combinations during the drying cycle. Data are means ± SE (n = 10). The quantified ABA catabolites include phaseic acid (PA), dihydrophaseic acid (DPA) and ABA-glucose ester (ABA-GE). The asterisks indicate significant differences among the three rootstock-scion combinations at P < 0.05 level. CS refers to Cabernet Sauvignon, RG to V. riparia cv. Gloire de Montpellier and 110R to V. berlandieri × V. rupestris cv. 110 Richter. Figure 1 . Overview the responses of water status and gas exchange of the three rootstock-scion combinations during the drying cycle. Data are means ± SE (n = 10). The considered variables include soil water content (SWC), predawn leaf water potential (Ψ PD ), mid-day leaf water potential (Ψ leaf ), transpiration rate (E), stomatal conductance (g s ) and plant-specific hydraulic conductance (K plant ). The asterisks indicate significant differences among the three rootstock-scion combinations at P < 0.05 level. CS refers to Cabernet Sauvignon, RG to V. riparia cv. Gloire de Montpellier and 110R to V. berlandieri × V. rupestris cv. 110 Richter.
Tree Physiology Online at http://www.treephys.oxfordjournals.org (Table 1) , irrespective of the stomatal regulation modes. Although the model slightly underestimated the [ABA] under water deficit (Figure 4d ), results were still acceptable with RRMSEs ranging from 29.7% to 57.7% (Table 1) . The statistical criteria indicated that E and g s were best fitted by different models depending on rootstocks: E was best fitted by the pure hydraulic model in RG, and by the coupled model in 110R and CS (with ΔAIC or ΔBIC = 0, and W BIC >0.5, Table 1); g s was best fitted by the pure hydraulic model in RG and 110R, and by the coupled model in CS. On the other hand, Ψ leaf was best fitted by the pure hydraulic model and [ABA] was best fitted by the coupled model for all three rootstocks (with ΔAIC or ΔBIC = 0, and W BIC >0.5, Table 1 ). When considering all the four model outputs, the coupled model was the best model for all rootstocks (with W BIC >0.6, Table 1; see Figure S7 available as Supplementary Data at Tree Physiology Online). However, the pure hydraulic model for 110R and the pure chemical model for CS were also substantially supported as strong candidate models by the data (with ΔAIC or ΔBIC <2 and W BIC >0.3, Table 1 ). The pure hydraulic and pure chemical models were both discarded for RG (with ΔAIC or ΔBIC >3 and W BIC <0.2, Table 1 ).
Differences in model parameters among the rootstocks
Genetic parameters for each rootstock-scion combination were obtained for the coupled model because this model best fitted the experimental data (Table 1 ; see Figure S7 available as Supplementary Data at Tree Physiology Online). Differences in values of genetic parameters were assessed by applying an F-test (Table 2; see Table S3 available as Supplementary Data at Tree Physiology Online). Among the three rootstock-scion combinations, significant differences (P < 0.05) between rootstockspecific parameters were identified ( Table 2) . The estimated α, indicating the maximal g s (Table 2) , respectively, for CS and RG). The drought-tolerant 110R showed significantly lower sensitivity of g s to [ABA] (β) but higher sensitivity to leaf water potential (δ), and lower capacity of ABA biosynthesis under a given root water potential (P aba.1 ; Eq. S4 in Table S1 available as Supplementary Data at Tree Physiology Online) compared with the drought-sensitive RG (Table 2) . By contrast, there was no significant difference in root-leaf resistance between rootstocks (R p , Table 2 ).
Sensitivity analyses were performed using normalized sensitivity coefficients ( Figure 5 ) to assess how the physiological variables (i.e., Ψ leaf , Ψ root , g s and [ABA]) react under water deficit when modifying model inputs and genetic parameters. The pattern of sensitivity did not differ between rootstock genotypes. Among the three rootstocks, the E and g s of RG presented the strongest responses to parameters β (g s sensitivity to ABA) and P aba.1 (ABA synthesis rate, Figure 5 ). The parameters α, P aba.1 and RLA, which are related to stomatal control, ABA synthesis and root characteristics, respectively, had remarkable effects on [ABA] appears to be mainly affected by the P aba.1 parameter, which determines the rate of ABA synthesis at a given root water potential (see Table S1 , Eq. S4 available as Supplementary Data at Tree Physiology Online). When this parameter was increased by 20%, the [ABA] increased in the same range while E and g s decreased, especially for RG (Figure 5 ), where this parameter significantly differed from the other grafting pairs (Table 2) . Increasing RLA increased E and g s , and decreased Ψ leaf , Ψ root and [ABA] . Overall, a shift in a single parameter (i.e., α, P aba.1 , RLA) strongly affected stomatal responses to water deficit in grafted grapevines.
Discussion
Rootstock-specific stomatal responses under water deficit in grafted-scions Vitis vinifera L. originates from dry and semi-dry climates and is cultivated in many Mediterranean areas where water is already a limiting factor (Chaves et al. 2010) . The utilization of droughttolerant rootstocks is a sustainable method to improve drought resistance and mitigate the negative effects of climate change (Simonneau et al. 2017) . Compared with other genotypes, we observed higher E and g s under well-watered and mild water deficit conditions when CS was grafted onto the drought-tolerant rootstock 110R (Figure 1d and e) . These results confirmed the influence of rootstock genotypes on gas exchange of grafted scion under well-watered and water deficit conditions (Carbonneau 1985 , Düring 1994 , Iacono et al. 1998 , Soar et al. 2006 , Tomás et al. 2014 , Martorell et al. 2015 , Ollat et al. 2015 , Zhang et al. 2016 . Despite these differences, the underlying mechanisms remain largely unknown. We quantified a range of physiological parameters during water shortage that could contribute to the observed differences, such as xylem sap [ABA] , plant hydraulic conductance (K plant ) and root system characteristics. These data were used to query various permutations of the Tardieu-Davies stomatal regulation model to determine which traits or processes may be responsible for the differences between rootstocks and to assess whether there are distinct modes of regulation between rootstocks. Tree Physiology Online at http://www.treephys.oxfordjournals.org RG = Vitis riparia; 110R = 110 Richter; CS = Cabernet Sauvignon. Four statistical indicators of goodness-of-fit were calculated, including the relative root-mean-square error (RRMSE), the differences of Akaike information criterion (ΔAIC) and Bayesian information criterion (ΔBIC) between the best model and the rest models, as well as the Akaike weights for BICs (W BIC ). The best model is highlighted by bold font for each model output among the three permutations of the model with 'pure chemical', 'pure hydraulic' and 'coupled hydraulic and chemical signals' modes of stomatal regulation.
Tree Physiology Volume 38, 2018 Figure 5 . Heatmap of sensitivity coefficient (SC), which is defined as the ratio between the relative variation of the predicted variable and the relative variation of the parameter (±20%). The SCs were computed to decipher the influence of 11 parameters/inputs (rows, meanings of parameter are given in Table 2 ) on the six functional variables (columns, i.e., leaf water potential Ψ leaf , root water potential Ψ root , transpiration rate E, stomatal conductance g s and ABA concentration in the xylem sap [ABA]) for the three grafting combinations (columns, CS, RG and 110R). In order to simplify the figure, the effects of soil water content (SWC) on SCs were summarized by using median value of SCs calculated with different SWCs. The biological and physical processes regulated by parameters are indicated on the left of the heatmap. CS refers to Cabernet Sauvignon, RG to V. riparia cv. Gloire de Montpellier and 110R to V. berlandieri × V. rupestris cv. 110 Richter. Table 2 . List of the parameters used in the model. The related equations (see Table S1 available as Supplementary Data at Tree Physiology Online), symbol, unit, values and source are given for each parameter. Parameters relating to physical constants or soil properties shared a common value among rootstocks, while those associated with functional processes of plant were assigned to different values for the three rootstock genotypes (CS = Cabernet Sauvignon, RG = V. riparia, 110R = 110 Richter). Parameter values were obtained either from literature, estimation based on experimental measurements (Estimation) or calibration of the model (Calibration). The units have been transformed when needed in the programme for calculation. Distinct letters after the values of genotype-dependent parameters indicated significant differences (P < 0.05) among rootstocks based on F-test, unless mentioned elsewhere. F-and P-values are given in Table S3 Our model comparisons showed that either the coupled hydraulic or purely hydraulic models most precisely reproduced the observed E and g s (Table 1) . The purely chemical model never provided the best fit (Table 1) .These results are consistent with previous reports utilizing coupled (Tardieu and Davies 1993) or purely hydraulic (Rodriguez-Dominguez et al. 2016) models. Based on our results, it is likely that rootstock-specific features exist for the control of stomatal conductance, and we may expect a variety of stomatal regulation modes across a broader range of genotypes (Tardieu 2016) .
Interactions between both chemical and hydraulic signals have been demonstrated at the leaf level (Christmann et al. 2007 , Pantin et al. 2013 and have been associated with genetic differences in response to drought (McAdam and Brodribb 2015) . The involvement of root-derived ABA as a long distance signal was recently challenged (Holbrook et al. 2002 , Christmann et al. 2013 , McAdam et al. 2016b . By using reciprocal grafts from wild type and ABA-deficient tomato mutants, Holbrook et al. (2002) elegantly showed that stomatal closure in droughtstressed grafted plants does not require root-derived ABA in tomato. In roots, ABA could have localized effects on root hydraulic conductance and/or architecture that could influence leaf water status and hydraulic signalling (Dodd 2005 , Parent et al. 2009 ) and in grapevine the hydraulic component appears important (Coupel-Ledru et al. 2014 , Tombesi et al. 2015 . Chemical signalling has been hypothesized to contribute to rootstock effects on stomatal regulation (Tramontini et al. 2013 ), and our model fitting results suggested a coupled mode. However, there is no organ-specific compartmented ABA biosynthesis and transporting module in the Tardieu-Davies model, and mathematically the only mechanistic link implying root-derived ABA is that Eq. S4 relies on Ψ root (Tardieu and Davies 1993) . Since there was a linear relationship between Ψ root and Ψ leaf (see Figure S8 available as Supplementary Data at Tree Physiology Online), the xylem [ABA] could also be simulated as a function of Ψ leaf , in line with recent works (McAdam et al. 2016b , Sussmilch et al. 2017 . Therefore, we cannot make conclusions regarding the origin of the ABA. The observed differences in xylem [ABA] between rootstock combinations, described by the model as differences for the parameter P aba.1 controlling ABA biosynthesis (either in leaf or root), support the low ABA accumulation capacity for the genotype 110R reported previously ). This lower capacity could explain the higher stomatal conductance at low and medium levels of water deficit. These results may lead to valuable insights into rootstock control of scion vigour, and also for fruit ripening (Keller et al. 2012) , since ABA is pivotal in controlling both stomatal response and berry ripening (reviewed in Ferrandino and Lovisolo 2014) .
Alternative chemical signals such as strigolactones (Visentin et al. 2016) , microRNAs (Pagliarani et al. 2017) , electrical signals (Christmann et al. 2013) or others (Schachtman and Goodger 2008, Tardieu 2016) could also be involved but there is currently insufficient knowledge for their inclusion in the model.
Root characteristics and variable hydraulics under water deficit
A variable soil-to-stem hydraulic conductance was indispensable for successfully modelling plant drought response in grapevine and oak (Quercus robur L.) (Baert et al. 2015) . Similarly, we found that the soil-to-leaf hydraulic conductance decreased over the drying cycle (Figure 1f ). Since hydraulic segmentation exists in grapevine (Bucci et al. 2016 , Charrier et al. 2016 , Hochberg et al. 2016 , 2017 , it is not clear which segments (roots, stem, leaf, etc.) are responsible for this variable soil-to-stem hydraulic conductance (Torres-Ruiz et al. 2015) . Root hydraulic conductances are different among rootstock genotypes (Alsina et al. 2011 , Gambetta et al. 2012 , Tramontini et al. 2013 , BarriosMasias et al. 2015 ) and higher root conductance has been associated with a higher water stress resistance (Lovisolo et al. 2008 , Tramontini et al. 2013 , Barrios-Masias et al. 2015 . Water deficit has been reported to decrease root hydraulic conductance in grapevines (Vandeleur et al. 2009 , Barrios-Masias et al. 2015 , Zarrouk et al. 2016 , probably mediated by aquaporins (Galmés et al. 2007 , Vandeleur et al. 2009 , Perrone et al. 2012 , Pou et al. 2013 , Zarrouk et al. 2016 . Equally, water deficit also decreased leaf hydraulic conductance in grapevine (Pou et al. 2013 , Zarrouk et al. 2016 ). In the model used here, the hydraulic conductance between the rhizosphere and soil-root interface (R sp in Eq. S6) varies as a function of soil water content and root characteristics, while the root-to-leaf hydraulic conductance (R p in Eq. S2) is considered constant, overall resulting in a variable soil-to-leaf hydraulic conductance. With a variable R sp and a constant R p , the model can successfully simulate the observed response patterns of all rootstock-scion combinations (Figure 4 ; see Figure S7 available as Supplementary Data at Tree Physiology Online), and we argue that R sp may play a role in differentiating the rootstock effects. Our model parameter comparison (Table 2 ) and sensitivity analyses ( Figure 5 ) highlighted the importance of root characteristics (i.e., RLA) affecting R sp for the responses of [ABA], E, g s , Ψ leaf and Ψ root to water deficit. We found that an increase in the RLA parameter ( Figure 5 ) caused a decrease in [ABA] and an increase in E and g s . Abscisic acid is known to be involved in the regulation of lateral root growth (Harris 2015 , McAdam et al. 2016a ) and this study is consistent with these observations as 110R is characterized by a low [ABA] and a high RLA. Higher RLA in the drought-tolerant 110R likely explains its higher E, g s and K plant observed at high and moderate SWC compared with the other genotypes (Figure 3a and b). The ability of drought-tolerant rootstocks, both to generate new roots in deep soil layers (Bauerle et al. 2008 , Draye et al. 2010 and to increase whole root system hydraulic conductance during summer drought (Alsina et al. 2011) , may be partly responsible for the maintenance of E in comparison with droughtsensitive rootstocks.
Modelling to improve genetic selection of grapevine rootstocks
Breeding genotypes that are better adapted to drought is crucial in mitigating changes in climate (Varshney et al. 2011) . Despite several reports on the identification and validation of markers for abiotic stress tolerance, the breeding of improved cultivars has had limited success. Varshney et al. (2011) identified several constraints responsible of this poor success such as (i) the nature of stress (i.e., timing, duration, intensity), (ii) the traits measured (integrators over time of many processes or mechanisms) and (iii) our limited understanding of stress tolerance mechanisms that reduces our capacity to phenotype appropriate traits. A modelling approach allows the dissection of processes, and may therefore help to identify adequate traits involved in drought responses. Methods to dissect complex multigenic traits and to integrate the genetic information (Cooper et al. 2009 ) into ecophysiological models (Tardieu 2003) have gained importance, thereby allowing the identification of loci (genes or quantitative trait loci) governing the variability of traits involved in stress tolerance (Tardieu and Tuberosa 2010) . This modelling approach, referred as 'gene-to-phenotype' is a promising method to link phenotypic consequence to changes in genomic regions via stable associations with model coefficients (Hammer et al. 2006) . It has already been used to analyse the genetic variability of maize leaf growth in response to temperature and water deficit (Reymond et al. 2003 , Chenu et al. 2009 ). The model analysis presented here allowed the assessment of genetic responses and the identification of genotype-dependent parameters in different grafted combinations (Marguerit et al. 2012 , Coupel-Ledru et al. 2014 and could serve as a platform for an improved model with respect to the inclusion of genetic traits.
Conclusion
In conclusion, we showed that grapevine rootstocks induce rootstock-specific stomatal responses under water deficit in grafted-scions. An integrated modelling approach suggested that both hydraulic and chemical signals are likely important for the rootstock-specific stomatal regulation. Accordingly, model parameter comparison and sensitivity analyses further showed that the parameter controlling ABA biosynthesis (either in leaves or roots) was significantly different between RG and 110R, and that root system architecture (e.g., RLA) caused differences in the hydraulic conductance between the rhizosphere and the soil-root interface (R sp ). The significantly higher RLA values in drought-tolerant 110R may explain its higher E, g s and K plant observed at high and moderate SWC compared with the other genotypes. We argue that the R sp may play a role in differentiating the rootstock effects and that this deserves further investigation. Moreover, we showed that combining a mathematical model with comprehensive physiological measurements succeeds in dissecting plant processes and provides a method of comparing genotypes. In the future, this approach will facilitate the identification of genotype-dependent parameters and coordinated processes between root architecture, hydraulics and signals controlling stomatal aperture in plants.
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